Abstract: Electromagnetic modeling of dielectric materials allows us to study the effects of electromagnetic wave propagation and how such electromagnetic fields influence and interact with them.
INTRODUCTION
Dielectric mixtures are of great scientific interest due to their potential role in several application fields such as medicine, optics and electronics [1] .
Their particular electromagnetic properties make them suitable for several applications involving optical and photonic ones [2] , biochemical sensing and detection [3, 4] , protein analysis [5, 6] , cell membrane function [7] , biomedical applications [8, 9] , food quality analysis [10] and imaging [11, 12] , heating therapy techniques, in vivo tumour cell targeting and early diagnostic techniques [13] .
A great interest in dielectric mixtures is the development of new analytical models, describing their electromagnetic behaviours.
Mathematical modelling turns out to be a useful tool in order to study their physical properties, how such structures influence and interact with the surrounding environment, how to manipulate, control and design their electromagnetic properties for specific required applications.
Therefore, the aim of this paper is to present new design methods for dielectric mixtures with desired electromagnetic properties. The findings of this study help us to understand their electromagnetic behaviour *Address correspondence to this author at the Department of Engineering, University of Roma Tre, Via Vito Volterra 62, 00146, Rome, Italy; Tel: +39.06.57337065; Fax: +39.06.57337003; E-mail: luigi.laspada@uniroma3.it and give us the possibility to use them for materials electromagnetic modelling.
In particular the article is focused on the evaluation of the electromagnetic properties of arbitrary shape inclusion dielectric mixture in terms of extinction cross section (absorption and scattering) and effective permittivity. For this purpose, new analytical closedform formulas, linking the geometrical and the electromagnetic parameters of such structures with their resonant frequency properties, are evaluated.
The capability to manipulate and control the electromagnetic phenomenon, by exploiting the proposed analytical models, opens up several possible applications. In fact, the main advantage of using the analytical models, proposed in this paper, give us the possibility to tune the structure resonant properties (in terms of position, amplitude and bandwidth) by changing its geometrical and electromagnetic characteristics, for specific required applications.
ANALYTICAL MODELS AND ELECTRO-MAGNETIC PROPERTIES OF A DIELECTRIC MIXTURE
In this section, the general analytical expression of the structure effective permittivity is derived and the dependence on its geometry, its electromagnetic properties, and the permittivity of the surrounding dielectric environment, is presented. The proposed structures consist of resonant arbitrary shape inclusions, arranged in an array configuration, whose frequency response is modified through the refractive index variation of the surrounding dielectric environment. Let us assume that the structure is excited by an impinging electromagnetic plane wave, having the electric field E parallel and the propagation vector k perpendicular to the inclusion principal axis, respectively, as shown in Figure 1 . The dielectric mixture electromagnetic properties are revealed in terms of extinction cross-section. The mixture holds specific resonant frequency properties in terms of position, magnitude and bandwidth, depending on its geometrical (shape, dimensions) and on the electromagnetic characteristics of the inclusion it is made of. In order to study the structure electromagnetic properties, the following assumptions must be done:
Inclusion are considered "electrically small": their sizes are much smaller than the operative wavelength in the surrounding medium [14] . As a consequence the resonant behaviour can be studied in terms of a quasistatic approximation;
Particles and the surrounding dielectric environment are considered homogeneous.
To describe the structure electromagnetic behavior it is necessary to evaluate their electromagnetic extinction cross section properties, in terms of scattering and absorption.
Separated evaluation of both phenomena is crucial to understand why certain structures are preferred to others for specific applications. By evaluating analytical formulas for extinction cross-section properties, it is possible to correlate the entire structure electromagnetic properties with its geometrical characteristics, in order to describe its resonant behaviour, in terms of wavelength position, magnitude and bandwidth. Apart from geometry such as sphere and cylinder [15] , cube [16] , disc [17] and needle [18] , whose closed form formulas are noted in literature, for inclusions of arbitrary shapes the electromagnetic solution is obtained by numerical approaches [19] .
The corresponding expressions, linking the inclusion polarizability to the structure extinction properties, for absorption (C abs ) and scattering (C sca ) cross-section read, respectively [18] :
where k=(2 n)/ is the wave-number, is the wavelength, n is the refractive index of the surrounding dielectric environment and the particle polarizability.
Under such conditions it is possible to correlate the structure extinction resonant electromagnetic properties with the inclusion polarizability expression.
In the limit of the quasi-static approximation, in case of an arbitrary shaped particle, the scalar component of the dyadic polarizability along one of its geometrical axes, can be expressed as [20] :
Where V is the particle volume, e is the surrounding dielectric environment permittivity, i is the inclusion dielectric permittivity and L is the depolarization factor.
Following the same procedure in [20] , the new correspondent general expression of the effective permittivity for an arbitrary shape particle embedded in a dielectric environment reads:
where f is the volume fraction of the inclusions in the mixture. In this paper we consider the hosting environment and the hosted material as real dielectrics. The following case studies are considered:
1.
The inclusion is assumed to be a dispersive and homogeneous dielectric, instead the environment a dispersionless and lossless material.
2.
The inclusion and the environment are both considered as dispersive and homogeneous dielectrics.
It will be shown that in the both considered cases, under specific conditions, the mixture effective permittivity follows a general Lorentz-like model.
Inclusions with Lorentz Dispersion Model in a Dispersionless and Lossless Environment
Starting from (3), as inclusions and environment permittivity can be expressed as
2 -2 -j 1 and e respectively, the total effective permittivity expression reads as follow:
being p =2 f p the plasma frequency, 0 =2 f 0 the natural frequency, the damping frequency, =2 f the angular frequency and the dielectric constant at high frequencies.
An example, in the GHz regime, for the effective permittivity in its real and imaginary part is reported in Figure 2 , where the effects of the volume fraction f, the depolarization factor L and the background permittivity are shown. As expected, only one resonant frequency is reached.
Inclusions and Environment with Lorentz Dispersion Model
Following the same procedure in paragraph 2. 
with An example for the effective permittivity in its real and imaginary part is reported in Figure 3 . In this case, by using dispersion in both materials two resonant frequencies are possible.
MIXTURES ELECTROMAGNETIC MODELING
In this section the design of a dielectric mixture for modelling applications is proposed. As it will be shown by analytical results, the proposed structure can be used as a powerful tool for a reliable model design for polymers or mixtures of them in the infrared (IR) region. In particular, in order to test our modelling approach, we referee to a specific polymer largely used in electromagnetism: the Poly-Methyl MethAcrylate (PMMA).
PMMA is a strong and lightweight material. It transmits up to 92% of the visible light and gives a reflection of about 4%. It is also a good filter for ultraviolet light at wavelengths below about 300 nm. For what concern the IR spectrum, PMMA passes infrared light up to 2800 nm and blocks IR of longer wavelengths up to 25000 nm. Such peculiar electromagnetic properties make such material suitable for several applications: for instance to build-up heat sensors.
The dielectric properties of PMMA result from the interaction of electromagnetic radiation with its constituents at the molecular level. These variations imply significant changes in their electromagnetic properties.
The IR spectrum of the PMMA reflects the presence of the C-O bonds within the polymer. Such bonds dominate the majority of the bending and stretching vibration peaks present in the material [21] . To describe the optical properties of PMMA, the DrudeLorentz model [22, 23] is used, which defines the electric permittivity as follows: a b Figure 3 : Variation of the dielectric mixture effective permittivity as a function of (a) depolarization factor L ( e=10; 1=1; p1=2· ·100·10 
Each absorption frequency can be related to the electromagnetic behaviour of a damped harmonic oscillator. Therefore the (7) describes the optical response of a set of such oscillators. In this formula, is the high-frequency dielectric constant, which represents the contribution of all oscillators at very high frequencies, compared to the frequency range under study. The parameters pk , 0k and k , are the "plasma" frequency, the resonant frequency and damping frequency, respectively, of the k-th Lorentz oscillator.
The main purpose is to show how to replicate the dispersive electromagnetic properties of PMMA by using the aforementioned proposed electromagnetic modelling approach.
In particular in this work, we have obtained that:
• For the single resonant frequency structure the mixture has to be characterized by the following geometrical parameters: L = 0.03, f = 0.01, and by the following inclusion material properties [24] : 01 = 197 THz, 01 = 11.6 THz, p1 = 2178 THz, e = 2.08. The mixture is composed by gold inclusions embedded in a glass substrate.
• For the multi-resonant frequency structure the mixture has to be characterized by the following geometrical parameters: L = 0.028, f = 0.01. The inclusion and environment material properties have to be [25] : 01 = 197 THz, 01 = 11.6 THz, p1 = 2178 THz, 02 = 2 ·35 THz, 02 = 1 THz, p2 = 2 ·5 THz. In this case, the mixture can be composed by inclusions depicted in Figure 1b • To describe the dielectric behavior of the PMMA, the absorbance models presented in [26] have been used.
The obtained results, for both structures, are shown in Figure 4a and 4b, respectively.
The most remarkable result to emerge from Figure  4 for both structure, is that a good agreement is reached between the experimental results existing in literature [26] , and the proposed modeling approach. Our formulation reproduces pretty well the electromagnetic response of the PMMA polymer. This concept can be extended to other polymers and in particular to other frequency ranges such as microwave, millimeter-wave and optical frequencies.
CONCLUSIONS
This work is focused on the study of dielectric mixture properties, in particular how to manipulate and control their electromagnetic properties. In this paper, a study on metamaterials electromagnetic modelling and on its main applications, operating in the infrared frequency regime, is presented. The proposed analytical models simplify practical design tasks and allow us a deeper understanding of physical phenomena of such structures. The possibility to predict the electromagnetic behaviour of different kind of structures is of considerable interest to build up mixtures that satisfy desired requirements. The main advantage of using such models is the possibility to tune their resonance properties by changing their geometrical and electromagnetic characteristics, for specific required applications. Therefore, by using the proposed formulas, a new dielectric mixture simulating the polymer electromagnetic behaviour of PMMA in the infrared frequency range has been designed.
